Purpose: Performing drug-delivery with an ultrasonic imaging scanner in situ could drastically simplify treatment and improve its specificity. Our objective is to deliver large amounts of an encapsulated agent in vivo using a clinical ultrasound scanner with a millimetric resolution. This study describes the encapsulation of fluorescein within ultrasound-inducible composite droplets and its targeted release in predefined zones in the liver of rats. Methods: An aqueous solution of fluorescein was encapsulated within perfluorocarbon liquid in 4 μm monodisperse droplets using a microfluidic system. The agent was then injected within the femoral vein of 12 rats. After exploratory ultrasound imaging, the sonographer defined five zones in the liver and a release sequence was initiated on the same apparatus. The surface of the liver was observed under fluorescence macroscopy and intraoperative fluorescence camera in vivo, before liver samples were sliced for pathology. Results: Following the conversion of the droplets, a 25 dB increase in contrast was observed in the zones selected by the sonographer. These hyperechoic regions were colocalized with the bright fluorescent spots observed on the surface of the liver. A minimum peak-negative pressure of 2.6 MPa, which is within regulations for imaging pulses, was required for the delivery of the content of the droplets. The tissue and cellular structures were not affected by the exposure to the release sequence. Conclusions: Since composite droplets can carry various therapeutic and imaging agents, they could deliver such agents specifically in any organ accessible to ultrasound.
I. INTRODUCTION
Currently, tumor diagnosis and therapy are done separately. Cancer patients first undergo several imaging techniques exploiting different contrast mechanisms to describe the spatial distribution of their tumors. Then, a higher power modality, such as surgery, radiotherapy or localized heating, is performed to destroy or remove the diseased region. However, if imaging scanners were capable of delivering large amounts of agents, which could either stain, destroy or transfect tissue locally, both diagnostic and therapeutic could be combined. Following the design of versatile carrying agents sensitive to acoustic waves, ultrasound scanner could be transformed into handheld therapeutic devices. Treatment could hence be planned and induced by the same apparatus, leading to simplified procedures with a very high spatial resolution.
Ultrasound is already ubiquitous as a high-resolution imaging modality. It can penetrate up to 10 cm of human tissue, giving access to most internal organs, with a resolution in the submillimeter range. Modern ultrasound systems rely on electronic delays for tissue-scanning and can thus be made to focus acoustic waves anywhere within a plane. These advantages of spatial localization and penetration could also apply to therapeutic purposes since ultrasound can induce various bioeffects at higher pressures. 1 Acoustic waves act through several processes such as thermal deposition, cavitation induction, 3 sonoporation, 4 or blood-brain barrier disruption. 5 Heat generation and cavitation are already used clinically for therapeutic purposes, but they require large ultrasound sources, which are not adapted for imaging.
The bioeffects of ultrasound can be greatly enhanced by the introduction of acoustically sensitive agents. 6, 7 For instance, microbubbles, which are classically used as contrast agents in acoustic imaging, can also affect surrounding tissue at pressures which are more typical of imaging applications. Due to their size, these microbubbles remain vascular, but still pass through capillaries. Their high compressibility and resonant behavior induce high amplitude oscillations which rapidly become nonlinear, helping their acoustic detection. 8 Violent oscillations can even lead to the disruption of their shell and the dissolution of their internal gas.
For neighboring cells, vibrating microbubbles can have drastic effects, such as opening pores on their membrane or induce leakage in the endothelial cells forming the blood brain barrier. [9] [10] [11] [12] Because of their high sensitivity to ultrasound, microbubbles have been rapidly exploited for targeted drug delivery. 13 Drugs have been inserted in their lipidic shell, in polymer shells 14 and in liposomes loading. 15 DNA has also been combined to microbubbles and transfected on site. 16 Ultrasound combined to microbubbles could thus perform both an imaging and a therapeutic role concomitantly. However, the drug-carrying ability of microbubbles is limited to their surface, reducing the amount of agents being transported.
Nongaseous carriers have also been reported. [17] [18] [19] These agents, often temperature-sensitive nanoparticles, can be vaporized by the heat induced at the focus of powerful ultrasound sources. Other liquid droplets are rather converted by the localized drop in acoustic pressure, a fast process that can arise within 1 μs if the acoustic pressures are sufficiently large. These liquid particles exploit the small intermolecular binding force of low-boiling perfluorocarbon, such as perfluoropentane or perfluorohexane. 20 A significant advantage of these droplets, which can be smaller than the pore size in tumor vasculature, is that they can eventually penetrate the extravascular space in diseased tissue and serve as a precursor for an imaging agent. Moreover, liquid perfluorocarbon can be emulsified with lipid to carry large amount of lipophilic drugs 21 or agents can be modified with fluorine to be readily encapsulated in the droplets. 22 In general, most ultrasound-sensitive carriers are specialized into the confinement of lipophilic drugs. Many are plagued with the compromise between carrying capability, in the lipid phase, and acoustic pressure threshold for release, which depends on the perfluorocarbon fraction.
Recently, our team introduced composite droplets that can carry two-third of their volume in hydrophilic payload and can be released and monitored with a conventional ultrasonic scanner. [23] [24] [25] These droplets are water-in perfluorocarbon-in water double emulsion produced by microfluidics to prevent embolism. We believe that a wide variety of injectable agents could be added to the inner aqueous phase. Interestingly, the perflurocarbon creates a barrier between the internal aqueous phase and the surrounding fluid, which minimizes leakage of the content. Moreover, this thermodynamically unstable monodisperse construct has a sharp pressure threshold of release, which is within the regulatory guidelines for ultrasound imaging. Such sensitivity allows the drug release to be performed with the same ultrasound transducer and scanner as the one used during the diagnostic, allowing both steps to be performed in parallel. For safety considerations, this feature is a key advantage of our composite droplets for drug delivery as it ensures de facto a coregistration of the imaged region and the targeted release points. Indeed, the focused beams transmitted by the unique probe provides both the image information and the local drug release.
As a first application of these ultrasound-induced droplets, we proposed to tattoo deep tissue under radiological imaging to guide surgeons during the resection of tumors. This technique would fully exploit the resolution of ultrasound scanner to deliver fluorescent markers with a precision within 1 mm. These composite droplets and their release with a clinical scanner were tested in chicken embryo. [24] [25] [26] Since then, Fabiilli et al. 21 and Rajian et al. 27 have reproduced these composite droplets and inserted thrombin and ICG for in vitro release. However, it remains unclear if these composite droplets can circulate freely in a mature vasculature and if they can extravasate their content within mammal tissue.
This study is the first demonstration that a large amount of an encapsulated agent can be released in vivo in a controlled manner thanks to the high spatial and temporal resolution allowed by an ultrasound scanner. Fluorescein, a marker easily observable within tissue, is used here to illustrate the local delivery of large payloads. The paper describes the preparation and injection method of the composite emulsion, its ultrasound release in the liver and its monitoring by acoustic and fluorescent means. Such demonstration opens new perspectives for efficient drug delivery performed and guided with a single clinical scanner.
II. METHOD

II.A. Composite droplet preparation and characterization
Production of the droplets was described in the initial paper and patent. [24] [25] [26] The first step is the formation of a primary emulsion (peak = 230 nm, standard deviation = 100 nm), which is then injected within a microfluidic channel to yield 4 μm composite droplets. As compared to the previous study, the surfactant was modified to improve the purity of the ammonium salt derived from Krytox [ Fig. 1(a) ]. This step improves stability of the droplets and fluorescein is conserved within the droplets for up to 21 days. The fluorescein content of the inner aqueous phase was saturated to 0.3 g/l, which is beyond the threshold for fluorescence quenching. The droplets were concentrated by centrifugation to a concentration of 500 × 10 6 droplets per ml and then refrigerated until the injection within the femoral vein of the rats.
II.B. Animal preparation
All experiments were carried out in accordance with the European Communities Council Directive of November 24 1986 (86/609/EEC). A total of 12 male Sprague-Dawley rats weighing between 120 and 200 g were used, after having been kept on a 12-h dark/light cycle at a temperature of 22
• C with food and water available ad libitum. Prior to surgery, animals were anesthetized with urethane (1.25 g/kg ip) with additional doses (0.1 ml) administered if required. The animals were laid down in supine position on a homeothermic blanket (Braintree Scientific) to maintain body temperature at 37
• C throughout surgical and experimental procedures. For each animal, the fur on the rat abdomen around the scanning site was removed with a depilatory cream. An aqueous ultrasound gel pad (Aquaflex) was used to apply ultrasound. For intravenous injection of composite droplets, the right femoral vein was cannulated with polyethylene tubing connected to a 1 ml syringe and 100 μl of 1% sodium citrate was administered intravenously as an anticoagulant. One minute before the first ultrasound release, 100 μl of composite droplets (total of 50 × 10 6 droplets) and 50 μl sulforhodamine B (5 mg/ml) (Sigma-Aldrich) were injected before being flushed by 100 μl of saline.
II.C. Ultrasound imaging and release
Before injection, a 5 MHz transducer array (128 elements, 0.3 mm pitch) was aligned in the axial plane over the liver as shown in Fig. 2 . The array was connected to an ultrafast ultrasound scanner [Aixplorer, Supersonic Imagine, Aix-enProvence, France] capable of transmitting and receiving any dedicated ultrasound sequence on 128-independent channels. The rat is anesthesized and placed over a heating pad before the composite droplets are injected in a femoral catheter. The ultrasound array is used to image and identify the region of interest in the liver and to focus short ultrasound pulses to convert the droplet and release the fluorescein. The liver is then exposed and observed under a macroscope.
Customized emission patterns were programmed on homemade MATLAB dynamic link libraries (Mathwork) driving the ultrasonic scanner. At first, a conventional B-mode image was obtained and displayed so that the user could pinpoint five target zones of release in the liver. An M-Mode was then obtained for respiratory gating.
The release sequence itself was composed of a set of plane wave transmissions for ultrafast imaging, 23, 28 followed by focused pulses at five different depths (axial = 16, 18, 20, 22, and 24 mm) on each of the five target zones. The five target zones were submitted to different peak-negative pressures [1.2, 2.0, 2.6, 3.5, and 4.4 MPa-peak-negative pressure (PNP) nonderated] to determine the in vivo threshold of release. All pulses were separated by, at least, 150 μs and were five cycles in length (maximal duty cycle = 0.1% but generally closer to 0.03% at each point), depending on the number of imaging plane waves required. This sequence was then repeated 1000 times with respiratory gating. Another set of sequences varied the number of pulses focused at each point, from 1 to 30 000 pulses at specific peak-negative pressures (3.5, 4.0, and 4.4 MPa PNP).
A final conventional B-mode image was obtained for comparison. The echoes obtained for all these pulses, in particular from the ultrafast plane wave, were imported and beamformed to produce ultrasound movies of the release at 260 Hz frame rate. These movies were then filtered to remove slow moving tissue, in a process similar to micro-Doppler. [29] [30] [31] The localization and release were confirmed throughout the experiment with higher quality ultrasound images obtained from the clinical software running on a second Aixplorer scanner using an 8 MHz linear array.
II.D. Macroscopy
Immediately after ultrasound imaging and release, a 5-cm midline laparotomy was performed to assess the external effects of droplet's release. Pictures of the liver were taken at a 1.25× magnification using a MZ10F fluorescence stereomicroscope (Leica Microsystems) equipped with both GFP Plant (Exc:470/40 nm, Em:525/50) and ET DsRed (Exc:545/30, Em:620/60) filter sets (Leica Microsystems) and interfaced to a Retiga-SRV CCD camera (Q-imaging).
II.E. Intraoperative fluorescent imaging
The exposed liver was also imaged with a FluobeamTM 500 (Fluoptics, Grenoble France), an intraoperative fluorescent camera highly sensitive to fluorescein. Images were recorded in real time, after injection and ultrasound release, to guide manipulation.
II.F. Histopathological studies of rat livers
Quickly after observation under the macroscope, animals were sacrificed by cervical dislocation and livers samples of both labeled and unlabeled regions were isolated using sterile instruments, immersed in a beaker of isopentane cooled to −40
• C in a dry ice bath and frozen for 5 min. The frozen tissue was wrapped in parafilm, placed in a sealed watertight container and store at −80
• C. Prior to slicing, the fresh frozen tissue was transferred from storage to the cryostat, allowing the tissue to slowly equilibrate to the chamber temperature of −20
• C for 30 min. Livers were then processed into 40 μm thick sections using a cryostat (Leica Instruments). To evaluate safety and efficacy of droplet release, the samples were collected with or without staining with hematoxylineosin mounted with organolemon mounting medium (Invitrogen) and observed under fluorescence microscope (ZEISS, Imager M1) or confocal microscope (Nikon A1, Nikon).
III. RESULTS
III.A. Ultrasound imaging, release, and monitoring
Exploratory imaging was performed with the 8 MHz probe in B-mode (conventional view), color Doppler and elasticity imaging modes. The liver of the rat extended from below the ribs and the sternum, where it covered most of the cross section of the rat, to about 1 cm posterior to the sternum (ventral) where it progressively yielded to the intestine. The motion amplitude of the liver due to breathing appeared to be 5 mm and was measured with an M-mode (repeated single-line view) to about 2 Hz.
After the intravenous injection of the droplets, the sonographer was shown an image obtained with the 5 MHz array and selected the five target zones on the screen with a pointer. A single release sequence lasted less than 1 s, which included the transfer of all the echo data recorded after focused pulses and plane-wave imaging. For large number of pulses, this sequence was repeated ten times (Fig. 2) .
At first, B-mode images were compared before and after the release [Figs. 3(a) and 3(b) ]. The liver was seen as a uniform mass below the skin (hyperechoic surface). The image obtained at the end of the experiment showed clearly two hyperechoic regions, 25 dB brighter than the surrounding tissue. These regions corresponded to the 3.5 and 4.4 MPa peaknegative pressure, while the lower pressures (1.2, 2.0, and 2.6 MPa) did not induce the formation of such artifacts. The hyperechoic spots were well separated by 2.25 mm as defined by the user. Their width was less than 1.5 mm, while their depth range was closer to 2 mm.
Throughout the experiment, plane-wave ultrafast imaging was performed between release pulses. 24, 28 The 260 Hz ultrasound movie obtained within the sequence could thus be exploited to follow the apparition of the hyperechoic spots. As in ultrafast Doppler signal processing, 30, 29, 31 slow moving tissue could be easily filtered out from a large set of images. Rapid changes could be detected specifically in the regions corresponding to the 3.5 and 4.4 MPa target site [ Fig. 4(a) ]. Disregarding the artifact due to the filter, it could be seen that such echo variation appeared just after the first few release pulses and continued at the same rate throughout the sequence [ Fig. 4(b) ]. Such decorrelation intensity could be measured at the release site and reached up to 20 dB over the baseline decorrelation within tissue. The two regions observed on Bmode imaging acquired their specific appearance well within 10 ms, as compared to other spots insonified below apparent threshold level. Figure 4 (c) shows another set of experiments where five series of 4.4 MPa PNP pulses were focused at different points for varying duration. A single pulse decorrelated the tissue echo by 10 dB for less than 1 ms, while longer series of pulses decorrelated the signal for the entire duration of the sequence. At the end of the release sequence, the decorrelation diminished to the background level. Thus, the hyperechoic regions remained, but their rapid variation stopped.
The hyperechoics regions on the B-mode and ultrafast decorrelation images were used as feedback by the sonographer to determine the success of the release. Indeed, these two phenomena were correlated in a former study. 24 Such feedback was never observed when the release sequence was performed before the injection of the composite droplets.
In the liver, the hyperechoic regions were observed when the release sequence was applied from 1 to 60 min postinjection [ Figs. 3(c) and 3(d) ]. The evolution of the hyperechoic region as observed by the 8 MHz array was slow. The target spots were still observed until the termination of the experiment, two hours after the release sequence.
III.B. Macroscopy
After noninvasive release and monitoring of the droplets using the ultrasound clinical scanner, a laparotomy was performed to assess the effects of the release on the liver. A careful inspection was made with a macroscope at three different wavelengths within 15 min of the release sequence. Brightfield images with white-light illumination (Fig. 5, left panel) revealed small black-spotted area with a spatial distribution similar to the hyperechoic regions seen in the ultrasound images. These regions corresponded to the target regions defined The smallest spot, obtained with only 1 pulse at 4.4 MPa PNP, was 1.5 mm × 1 mm in size at the surface. Due to breathing motion, the longer release sequences yield longer spots that were still less than 1 mm wide, but up to 3 mm in length.
The green fluorescence was only transiently present in the release region. It eventually faded 20 min after the release in surviving rats. The fluorescence was conserved when blood circulation was stopped.
On bright field images, the fluorescent zones displayed a higher diffuse scattering as compared to surrounding tissue. When the dsRed filter was used to image sulfurodhamine, the release zones were also contrasting with background tissue. These red fluorescent spots increased in intensity within the first 20 min while the green fluorescence was fading. For 1000 pulses of 5 cycles (PRF = 260 Hz) repeated at a single site, release of fluorescein along with hyperechoic regions in ultrasound images was observed for pulses over 2.6 MPa PNP at 5 MHz (mechanical index, MI = 1.2). For a single pulse, only the highest pressure released the droplets (4.4 MPa, MI = 2.0).
III.C. Intraoperative fluorescent imaging
In Fig. 6 , the intraoperative Fluobeam was used to observe the green fluorescent dots on the liver of the rat. Apart from these regions of release, the liver appeared uniformly dark as compared to skin and intestines. The three zones of release on this rat were seen on both sides of the right lobe. Fluorescent zones were also observed in the caudate lobe in corresponding zones.
III.D. Microscopy
Liver samples were obtained after the injection of the droplets, but without exposure to ultrasound (Fig. 7) . Even several weeks after fixation, the droplets were observed within the vasculature and they retained their grape-like appearance and 4 μm diameter.
H&E staining was also performed on slices of tissue that were submitted or not to ultrasound release pulses (Fig. 8) . The tissue structure appeared to be preserved at the site of the release of the fluorescein and cells remained intact over slices.
IV. DISCUSSION
The goal of this study was to perform controlled release of large amounts of a hydrophilic agent (fluorescein) in rat's liver with a millimetric resolution using an ultrasound scanner and composite droplets injected intravenously. The first step was to describe the ultrasound focusing sequence and the resulting acoustic contrast. The second step was to demonstrate the strong fluorescent signal resulting from the ultrasoundinduced release of fluorescein in specific zones of the liver.
The production of the droplets was described in earlier publications. [24] [25] [26] They were previously shown to be sensitive to ultrasound pulses that can be generated by commercial ultrasound imaging scanners. Due to the large fluorescent payload within the carrier, the released fluorescein was sufficiently bright to be observed with a simple set of orange goggles and blue illumination. These results encouraged our group to attempt tattooing mammal tissue in vivo.
The experiments with optimal parameters were performed on five rats. However, the droplets were injected intravenously in 12 rats at the minimal dose of 50 × 10 6 droplets. No obvious side effects of the injection were observed as the animals were handled for 2 h before sacrifice. Even after several days of fixation of the liver, the droplets retain their grape-like appearance under fluorescent imaging. Microscopy and ultrasound monitoring outside the release region suggests that the droplets are rapidly eliminated from the brain and accumulate within the blood vessels of the liver. Such behavior resembles that of sonazoid, an ultrasound contrast agent, used for its specific ability to accumulate within the Kupffer cells. 32 For liver tattooing, this property increases the number of droplets that can be released. However, modifications of the shell material, such as replacing the poloxamer (Krytox surfactant) by FIG. 8 . H&E staining of liver slice that were exposed (after release) or not (control) to ultrasound. The tissue and cellular structure do not appear to be affected by the conversion of the droplets within the vasculature. One of the main objectives of this study was to demonstrate that the content of the droplet could be released and monitored with a conventional ultrasound imaging scanner. Figure 9 summarize the conditions for the release of the fluorescein from composite droplets in vivo. As imaging arrays and electronic systems are not designed to emit pressures at therapeutic level, the pulses were naturally restricted to 4.4 MPa peak-negative pressure at 5 MHz, which yield a mechanical index of MI = 2. However, release was observed even at lower mechanical index, such as MI = 1.6. Moreover, considering the low duty cycle (less than 0.1%) and the low intensity of a maximum of ISPTA = 220 mW/cm 2 , temperature increases should be below 1
• C for liver tissue. Such levels are well within government regulations for an imaging scanner (maximum MI = 1.9, TI = 1). Consequently, the ultrasound conversion of the droplet can be performed with a clinical scanner at levels that should not affect tissue in the absence of droplets. Since all scanners are designed to focus anywhere within the image, this ultrasound-induced drug release would be applicable at any hospital equipped with an ultrasound system. When thinking of applications, it should be considered that the release of the droplets in vivo would be strongly affected by the pressure and acoustic frequency at the focus, which are themselve dependent on the depth, attenuation, aperture, and nonlinear acoustic effects. As in ultrasound imaging, lower frequencies should favor penetration, but should also increase the size of the focal spot, worsening the resolution of the technique. Yet, many organs are currently imaged with 5 MHz ultrasound probes and should be considered as primary targets for the release of composite droplets.
The limited intensity levels and temperature increase induced by the ultrasound array also indicate that the conversion of the droplets is not a thermal process. In vitro experiments (not shown) demonstrated that longer pulses did not increase the probability of conversion of the droplets. Moreover, higher frequencies were less efficient in releasing the content of the composite agents, while it was still attainable at 8 MHz. Consequently, the process of release of the droplets is likely linked to the pressure change at the focus. In our view, such pressure-induced process is beneficial since pressure is easier to localize as compared to heat.
The ultrasound scanner used for the ultrasound release was also exploited for the controlled monitoring of the release process. Comparing the conventional B-mode made before and after the release clearly displays two bright (+25 dB) hyperechoic regions corresponding to the zones where higher pressure pulses were focused. From these simple images, the release threshold could be established to between 2.6 and 3.5 MPa PNP as it was later confirmed with the presence of fluorescent spots on the liver. Indeed, the presence of these hyperechoic regions is systematically predictive of the presence of optical contrast. As it was shown with ultrafast monitoring, these bright zones appear with the first release pulse and are observable within 1 ms. Filtering such signal from stationary tissue allows the effect of the release pulse to be monitored. Consequently, tissue damage could be reduced by stopping the sequence as soon as hyperechoic regions are observed. The fact that these hyperechoic regions can last several hours could also be a useful tool to find the region of interest with ultrasound after the operation.
Such hyperechoic regions are commonly observed when a gaseous contrast agent is generated in vivo from liquid submicrometer droplets, a process called acoustic droplet vaporization. This mechanism has already been described 20 as a potential contrast agent. These studies have also shown that the liquid droplets can expand sevenfold when converted to gas. These expanded pockets of gas can even be used for tissue occlusion. 33 Contrarily to these former studies, however, the present composite droplets are micrometer-sized. Moreover, they contain a complex emulsion of water within the matrix made of gas-precursor perfluorocarbon. The volume of gas that can be produced during the vaporization of the perfluorocarbon can thus fill the capillaries and create a highly scattering region with ultrasound imaging. For such contrast to last several hours would require the gas to be stabilized, since the boiling point of perfluorohexane (56 • C) is much higher than the body temperature of the rat (38
• C). The release sites defined by the sonographer and revealed as hyperechoic regions during liver imaging, were shown to be brightly fluorescent. These regions were easily observable with a macroscope, with simple filter goggles and with an intraoperative camera. As stated before, they corresponded systematically to the feedback on the ultrasound images. The fluorescent dots could be less than 1 mm in size, but they were elongated by the tissue motion during the release sequence. These zones were also seen with the Fluobeam, a type of camera currently used for fluorescence imaging in surgery rooms. The release process is observed in several lobes of the liver within the path of the ultrasound beam. The images were used to guide the resection of the liver tissue for fixation, demonstrating at the same time that ultrasound-induced internal tattooing could be used to guide the surgeon toward regions that would be otherwise difficult to identify.
The fluorescent dots faded after 15 min when the rats were alive, which might be due to the fast diffusion of the small molecules of fluorescein (332 Da) toward circulation. Larger fluorescent markers could potentially be used to extend the life of the internal tattoo. Interestingly, ultrasound contrast was more persistent than fluorescent dots, which seems to suggest that, while bubbles remain trapped, small molecules can leak within tissue. The red fluorescence of sulfurhodamine increased with time following the release sequence. After 1 h, most of the green fluorescence was eliminated, leaving only bright red dots which highlighted extravasation induced by the conversion of the droplets.
When the number of release pulses was kept below 1000 pulses, minimal effects were seen at the surface of tissue. Microscopy of these zones after fixation did not show clear damage to the vascular network or toward cells. Since this study was a proof of concept of the release of large payloads with an ultrasound scanner, tissue damage and biocompatibility of the droplets was not studied in a great extent. Future endeavors would be concerned with long-term viability of the rats after injection and induced release. As mentioned before, the shell of the droplets could be modified to increase the circulation time of the droplets. It would also be necessary to describe the physical process of the release and the accompanying extravasation of the agent.
Fluorescein was used as an illustration for the encapsulation of a clinical agent within the composite droplets and its release in vivo. This ultrasound-induced local fluorescence could be applied for the internal tattooing of tissue in situ, as described initially. [24] [25] [26] Following our early description of these double-emulsions, the group of the University of Michigan (Refs. 21 and 27) has described the encapsulation of other molecules such as indocyanine green for photoacoustic imaging and thrombin for embolization. Although these experiments were performed in vitro, they demonstrate that a wide variety of molecules could be released by an ultrasound clinical scanner in situ. For instance, other applications can be envisioned such as the release of chemotherapeutic drugs to preserve tissue outside of the focal zone defined by the sonographer. Since we observed no damage to the surrounding tissue in the liver, we can also imagine using these droplets for gene transfection.
V. CONCLUSION
This study demonstrated that composite nanodroplets could carry large payloads of a hydrophilic compound and release it in vivo to a targeted region in a safe and controlled manner. In this particular case, fluorescein was released in situ in the rat liver to create a genuine internal tattoo from a virtual drawing within the ultrasonic image. Such a process could help radiologists to guide surgeons prior to surgery. These droplets can be converted by focused pulses generated by a clinical ultrasound scanner at pressures which are below regulations for medical imaging. In parallel, the same ultrasound array can monitor the process since strongly hyperechoic regions accompany the release of the droplets. Since no modification of the hydrophilic agents is necessary to be encapsulated in composite droplets, various other drugs could be release in situ.
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